0 C X beam exp(j6 1 D 1 t 1 j 6 2 D 2 t 2 )dxdy, t 1 (x) 0 2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi r 1 2 j (x j x 0,1 ) 2 q , t 2 (x) 0 2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi r 2 2 j (x j x 0,2 ) 2 q j t 1 . Here, I/I 0 is a ratio of incident and transmitted x-ray intensities, C is a constant, 6 i is the x-ray mass absorption coefficient, D i is the density, r i is the radius, x is the horizontal position, y is the vertical position, and x 0,i is the center position. Suffix 1 and 2 indicate sample and sapphire, respectively. We measured the x-ray diffraction and x-ray absorption of the black phosphorus sample before melting. From the lattice constant and absorption profile, 6 1 was experimentally determined. The product 6 2 D 2 was chosen to reproduce the absorption profile of sapphire ring and was fixed. Radiuses r 1 and r 2 were fixed to 0. 5 A strong temperature dependence of oxygen K-edge x-ray absorption fine structure features was observed for supercooled and normal liquid water droplets prepared from the breakup of a liquid microjet. Analysis of the data over the temperature range 251 to 288 kelvin (-22-to þ15-C) yields a value of 1.5 T 0.5 kilocalories per mole for the average thermal energy required to effect an observable rearrangement between the fully coordinated (''ice-like'') and distorted (''broken-donor'') local hydrogen-bonding configurations responsible for the pre-edge and post-edge features, respectively. This energy equals the latent heat of melting of ice with hexagonal symmetry (ice Ih) and is consistent with the distribution of hydrogen bond strengths obtained for the ''overstructured'' ST2 model of water.
A detailed description of the hydrogen bond (H bond) network in liquid water is the key to understanding its unusual properties. The combined results of x-ray and neutron scattering experiments, thermodynamics data, and classical as well as ab initio molecular dynamics (MD) simulations have long been interpreted in terms of a locally tetrahedral liquid structure, wherein (on average) each water molecule is H-bonded to four nearest neighbors via two donor bonds and two acceptor bonds. This view was recently challenged by Wernet et al. (1) , who used state-of-the-art x-ray Raman and absorption spectroscopy in conjunction with density functional theory (DFT) calculations to deduce the structure of the first coordination shell in liquid water. From their analysis, they contend that roomtemperature liquid water instead comprises a large fraction (980%) of broken H bonds and that, on average, each molecule only forms two strong H bonds: one acceptor and one donor. Such a structure implies that liquid water comprises primarily rings or chains, a stark contrast to the traditional perspective.
Specifying the average number of H bonds formed per molecule is straightforward when dealing with computer simulations of water, given specific (albeit necessarily arbitrary) energetic (2-5) or geometric (6-8) criteria for defining an H bond. The choice of an energetic H-bond criterion is often based on the form of the intermolecular bonding energy distribution obtained from simulations (2, 3), or else an energetic cutoff is chosen such that the overwhelming majority of molecules form four or fewer H bonds (4, 5) . The resulting H-bond statistics are, of course, highly dependent on the precise definition used.
Experimental measurements, however, necessarily define H bonds in terms of the particular experimental technique used (9) . In recent years, several new experiments have been reported that use x-ray absorption spectroscopy (XAS) and x-ray Raman spectroscopy (XRS) to characterize the H-bonding environment in liquid water by assigning the observed spectral features near the O(1s) ionization edge to specific H-bonding configurations (1, 7, (10) (11) (12) (13) (14) (15) . In particular, the intensity in the pre-edge region (È535 eV) is assigned to water molecules with a broken or distorted H-bond on the donor side, whereas the post-edge feature (È541 eV) has been identified with molecules having four strong and highly symmetric H bonds, as in ice Ih. Here, we report an experimentally determined energetic criterion characterizing the degree of H-bond distortion required to effect observable spectral changes in the pre-edge and post-edge intensities measured in the total electron yield near-edge x-ray absorption fine structure (TEY-NEXAFS) spectrum of liquid water as a function of temperature. We show that pre-edge intensity arises from relatively small distortions of an Bice-like[ H bond, and that considerable intensity found in the pre-edge region can be expected even for nearly perfect tetrahedral configurations.
We recorded TEY-NEXAFS spectra for supercooled and normal water from 251 to 288 K (1 atm) by using a liquid microjet to control the temperature. The details of our experimental techniques were previously described (14, 16) . Two area-normalized spectra (Fig. 1) recorded at 288 and 254 K show that there is a clear increase in preedge intensity with increasing temperature. Furthermore, the conduction band between 537 and 545 eV broadens and becomes reduced in intensity with increasing temperature. We decomposed the spectra into six Gaussian subbands, one for each feature found in the gas-phase NEXAFS spectrum (Fig. 1) . Variations in the subbands centered at the post-edge and pre-edge are almost exclusively responsible for the observed spectral changes. The pre-edge region shows a 20 to 25% increase in intensity over the 37 K range studied, whereas the post-edge intensity shows a corresponding 12 to 18% decrease. This result is consistent with the observation that the pre-edge intensity arises from molecules with broken or distorted H bonds, whereas the post-edge intensity arises from fully coordinated and highly symmetric species. These large changes in intensity are a striking contrast to the minor changes observed in the pair correlation function over the same temperature range (17) , indicating that the x-ray absorption spectrum is particularly sensitive to small changes in the H-bond structure.
If we assume that the pre-edge (I pre ) and post-edge (I post ) intensities arise from molecules in two general classes of H-bonding configurations (distorted or Bbroken-donor[ bonds and fully coordinated ice-like bonds, respectively), for which relative populations are a function of absolute temperature T only, a plot of ln(I pre /I post ) versus 1/T will yield a straight line with a slope that is proportional to the average difference in energy between the two classes (%E). A linear fit to the data yields a correlation coefficient of 0.98 and a slope of %E/R, where R is the universal gas constant, that gives the rearrangement energy between the two classes of H-bonding distributions as 1.5 T 0.5 kcal/mol (Fig. 2 ) (18-20). This concept of thermally activated H-bond breakage follows the discussion given by Stillinger regarding the isosbestic point in the distribution of H-bond energies from the ST2 potential (2) .
The average energy of a fully formed ice-like H bond, such as those that generate the post-edge feature, is about -5.5 kcal/mol (2, 21) . Therefore, the difference in energy (1.5 kcal/mol) between the two H-bonding distributions results from the loss of 27 T 9% of the average H-bond energy. Wernet et al.
(1) deduced that the presence of a pre-edge peak corresponds to the loss of 55 T 15% of the H-bonding energy. The XAS H-bonding criteria reported by Wernet et al. were established by carefully exploring angular and radial distortions on both the acceptor and donor H bonds of the central molecule in a computer-generated ice-like 11-molecule cluster; the computed XAS spectra that had a distinct pre-edge feature were associated with broken-donor H bonds. However, the rigid ice-like model cluster and the small number of configurations considered in that study may not adequately represent liquid water and may have thus led to an unphysical value of this critical parameter.
Given that our %E constitutes the definition of the energy required to measurably distort an H bond in an XAS experiment, the more permissive criteria derived by Wernet et al. (1) can easily account for the discrepancy between the controversial H-bond structure they proposed and the textbook description of local tetrahedral structure. It is instructive to compare the number of H bonds per water molecule calculated from MD simulations using different energetic criteria. Blumberg et al. (22) made such a comparison for an ST2 simulation at 284 K. Using a lower limit of -4 kcal/mol for the H-bond energy, they found an average value of 2.2 hydrogen bonds per molecule (23). This energy cutoff is equivalent to the experimental x-ray absorption criterion determined here, assuming that the ice-like post-edge species has an average H-bond energy of -5.5 kcal/mol (2, 21) and given that the distorted broken-donor distribution responsible for the pre-edge feature lies 1.5 kcal/mol higher in energy. The low number of H bonds per molecule calculated from this cutoff does not suggest that ST2 water lacks local tetrahedral structure; rather, it underscores the sensitivity of this parameter to the exact definition of a hydrogen bond that is used to compute it. Furthermore, using the lower H-bond energy limit of Wernet et al. (È2.5 kcal/mol) (1), we calculate the average number of H bonds to be 3.3.
The ST2 effective pair potential (24) predicts an excessively tetrahedral structure when compared with experimental radial distribution functions (25). Thus, using the criterion for what constitutes a distorted H bond as determined by an x-ray absorption experiment, the large population of broken-donor bonds found by Wernet et al. (1) is actually in good agreement with the local tetrahedral structure predicted by Boverstructured[ MD simulations, again reflecting the fact that the x-ray experiment is highly sensitive to even very small distortions of the H bond. This conclusion is consistent with recent results by Hetenyi et al. (7) in which the NEXAFS spectrum was calculated from an ab initio simulation of 64 water molecules. The resulting spectrum from the tetrahedrally structured simulation is in qualitative agreement with experimental NEXAFS spectra of water.
We note that the value of this energy difference (1.5 T 0.5 kcal/mol) between the symmetric ice-like and broken-donor H bond distributions equals, to within experimental accuracy, the latent heat of melting of ice Ih (1.4 kcal/mol). We have recently carried out a study of the temperature dependence of the water Raman spectrum, treated previously by Walrafen (20), which yields a similar result (1.4 T 0.2 kcal/mol) (16) . Moreover, the peak of the librational band in the Raman spectrum of liquid water (the hindered rotation of water molecules) also occurs near this energy (20), and this librational motion is precisely that which most effectively Bbreaks[ a hydrogen bond. Hence, it may be possible to view 1.5 kcal/mol as the average energy required to Bbreak[ a hydrogen bond in a locally symmetric, strongly H-bonded (ice-like) domain in both solid and liquid water. ) showing the Gaussian subbands used to deconvolute specific components of the spectrum. The subbands labeled 1 and 2, centered at the pre-edge and post-edge regions, respectively, are the only regions to exhibit temperature dependence. Fig. 2 . Plots of the natural logarithm of the postedge and pre-edge subband area ratio versus inverse temperature, taken from three separate experiments. The error bars represent twice the SD in the Gaussian fits (Fig. 1) . The solid lines represent linear fits (R 2 Q 0.98) with a slope of %E/R. %E, the difference in energy between the two different H-bonding distributions, is determined to be 1.5 T 0.5 kcal/mol. The microjet diameters used in these experiments were 30 6m (h and 0 ) and 7.6 6m (r). Although each experiment is self-consistent, changes in the collection geometry, beamline calibration, and baseline cause variations in the measured slope and intercept of the fitted line. Therefore, the %E reported here is the average of the three independent measurements shown (TSD).
